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We realize a two-component dipolar Fermi gas with tunable interactions, using erbium atoms.
Employing a lattice-protection technique, we selectively prepare deeply degenerate mixtures of the
two lowest spin states and perform high-resolution Feshbach spectroscopy in an optical dipole trap.
We identify a comparatively broad Feshbach resonance and map the interspin scattering length in
its vicinity. The Fermi mixture shows a remarkable collisional stability in the strongly interacting
regime, providing a first step towards studies of superfluid pairing, crossing from Cooper pairs to
bound molecules, in presence of dipole-dipole interactions.
The ability to prepare dipolar quantum gases of
magnetic atoms [1–6] has enabled fascinating, yet un-
expected, observations, emerging from the long-range
and anisotropic character of the dipole-dipole inter-
action (DDI) among particles. In bosonic systems
with dominant DDI, this includes d-wave-patterned col-
lapse [7], droplet stabilization [8–10], and roton quasi-
particles [11]. With fermions, many-body dipolar phe-
nomena have been investigated only in spin-polarized sys-
tems. Here, the DDI competes with the Pauli pressure,
rendering dipolar effects much more subtle, as e. g. their
influence on the shape of the Fermi surface [12].
Magnetic atoms further realize high-spin systems,
e. g. fermionic Er has twenty available spin states in the
lowest hyperfine manifold. In particular, bosonic dipo-
lar spinor gases have been investigated in remarkable ex-
periments with magnetic Cr atoms [13–16], whereas the
fermionic counterpart remains rather unexplored in the
quantum regime. Scattering experiments with fermionic
Dy mixtures slightly above quantum degeneracy, showed
a large collisional stability against inelastic dipolar re-
laxation [17], enabling e. g. the production of long-lived
spin-orbit-coupled gases via Raman excitations [18].
As yet, the realization of a two-component dipolar
Fermi mixture with tunable interactions has remained
elusive. Such a system can disclose fascinating phenom-
ena, from anisotropic quantum phases of matter, e. g.
anisotropic Fermi liquids and superfluid pairing [19, 20],
to dipolar magnetism [21], but also extended Fermi-
Hubbard models with off-site interactions [22]. Fermionic
Er and Dy are very promising candidates for such stud-
ies, given their large magnetic moment. However, the
large density of Feshbach resonances (FRs) even in spin-
polarized gases [23–25] raises the question of whether
stable fermionic quantum mixtures with tunable inter-
actions can be realized with lanthanides.
We here report on a powerful platform to produce
a two-component dipolar Fermi gas of pseudo-spin 1/2
and demonstrate tunability of the interspin interac-
tions. By using highly magnetic 167Er atoms and a
three-dimensional (3D) optical lattice as a tool for spin
preparation, we perform high-resolution Feshbach spec-
troscopy and unambiguously identify the spin nature of
the different FRs. Among the resonances, we find a well
isolated and comparatively broad interspin FR and pre-
cisely measure the interspin scattering length. Our Fermi
mixture reveals a remarkable collisional stability in the
strongly interacting regime.
Achieving a deterministic preparation of a spin-1/2
mixture and a precise control over the interspin inter-
actions in highly-magnetic lanthanide atoms challenges
experimental schemes. Indeed, the enormous density of
FRs can cause collisional losses and severe heating, lim-
iting the production and preparation of deeply degen-
erate mixtures at arbitrary magnetic fields (B), where
hundreds of FRs might need to be crossed; see e. g. [18].
Moreover, state-selective preparation of a spin-1/2 system
typically requires large B values for which the quadratic
Zeeman effect lifts the degeneracy on the Zeeman split-
ting among consecutive sublevels [17, 26].
For these reasons, we establish a technique for colli-
sional protection during the spin preparation; see Fig. 1.
In a nutshell, the key production steps are: We produce
a spin-polarized degenerate Fermi gas (dFg) in an opti-
cal dipole trap (ODT) at low B (a1), and load the atoms
into the lowest band of a deep 3D optical lattice, which
acts as a collisional shield (a2) [27, 28]. We then sweep to
high B for spin preparation and perform radio-frequency
(rf) transfer (a3), sweep to the desired B and eventually
melt the lattice (a4).
Experimentally, we prepare a spin-polarized dFg of
167Er atoms in a crossed-beam ODT [5, 29] (Fig. 1(a1)).
All fermions occupy the lowest Zeeman state |↓ 〉 ≡ |F =
19/2,mF = –19/2〉 of the ground-state manifold. Here,
F is the total spin quantum number and mF its projec-
tion along the quantization axis. A homogeneous mag-
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FIG. 1. Spin-1/2 dipolar fermions in a 3D optical lattice.
(a) Sketch of the four key stages of our preparation scheme;
see text. (b) Band population in the horizontal xy-plane,
obtained by averaging 50 absorption images for a 12 ms time-
of-flight (TOF). The red arrows indicate the first Brillouin
zone of the lattice. (c) Spin-resolved band-mapping images
after 9 ms of TOF in the vertical zx˜ plane, where x˜ accounts
for the angle between the imaging beam and the y-axis of
the lattice, for population imbalances δ = 1 (left panel), 0.02
(middle panel), and −0.94 (right panel). The images are av-
erages of about 20 absorption pictures. The spin states are
separated along the z-direction by a Stern-Gerlach technique.
netic field of B = 0.6 G is applied along the vertical z
direction to define the quantization axis and to main-
tain spin polarization. The sample typically contains
N = 2.4 × 104 atoms at about T = 0.25TF. Note that
the ODT is shaped to optimize single-band loading of the
optical lattice and yields EF = kB×TF = kB× 170 nK =
h × 3.6 kHz [29]. Here, TF is the Fermi temperature, h
the Planck constant, and kB the Boltzmann constant.
In the next step, we transfer the spin-polarized dFg
into a 3D optical lattice (Fig. 1(a2)), Our lattice has
a cuboid geometry with lattice spacings (dx, dy, dz) =
(266, 266, 532) nm along the three orthogonal direc-
tions [29, 30]. In order to pin the atoms in a one-fermion-
per-lattice-site configuration (unit filling), we use large
lattice depths of about (sx, sy, sz) = (20, 20, 80), where
si with i ∈ {x, y, z} is given in units of the respec-
tive recoil energies, ER;x,y = h × 4.2 kHz and ER;z =
h × 1.05 kHz. After lattice loading, we obtain a single-
component fermionic band-insulator (BI) of about 2.2×
104 |↓ 〉 atoms. By melting the lattice and re-loading
the fermions into the ODT, we measure T <∼ 0.3TF with
N = 2.1× 104 (TF ≈ 160 nK) and extract a heating rate
in the lattice as low as T˙ = 0.03TF/s.
Our system is well described by a single-band extended
Fermi-Hubbard model [22] with residual tunneling rates
of Jx,y = h×10.5 Hz and Jz = h×0.001 Hz, and nearest-
neighbor interactions in the order of h × 50 Hz [30]. We
confirm the single-band population by performing stan-
dard band-mapping measurements [31]. In the horizon-
tal (xy) plane, we do not resolve higher-band occupation;
see Fig. 1(b) [29]. Along the z-axis, we detect a residual
< 5 % population in the first excited band, resulting from
the fact that EF > ER,z [32]. Because of the Pauli ex-
clusion principle, doubly-occupied sites (doublons) in a
single band are strictly forbidden for identical particles
(|↓ 〉).
In the BI regime, the lattice is expected to provide a
strong collisional protection to the particles. As a first
application, we use the lattice-protection technique to re-
alize a spinor Fermi gas with pseudo-spin 1/2 (|↓ 〉–|↑ 〉),
with |↑ 〉 ≡ |F = 19/2,mF = –17/2〉 (Fig. 1(a3)). Exper-
imentally, we start with a |↓ 〉 BI at B = 0.6 G and then
ramp B in 40 ms to a value of about 40 G, for which the
quadratic Zeeman effect in 167Er is large enough to lift
the degenerate coupling of the individual spin levels [29].
After letting the field stabilize for 120 ms, we use a stan-
dard rf-sweep technique to transfer part of the atoms into
the |↑ 〉 state. By tuning the rf-power, we can precisely
control the population imbalance, δ = (N↓ − N↑)/N ,
in the mixture, with N↓ (N↑) the number of atoms in
|↓ 〉 (|↑ 〉). Figure 1(c) shows exemplary spin-resolved
absorption images of |↓ 〉–|↑ 〉 mixtures for various δ af-
ter B is swept back to low values. We typically record
N = N↓ + N↑ = 1.8 × 104 and T ≈ 50 nK after melting
the lattice down (Fig. 1(a4)). For comparison, similar
measurements in absence of the lattice clearly show a
much lower atom number of N = 0.6× 104, proving the
strength of our lattice-protection scheme to circumvent
losses when cruising through the ultra-dense Feshbach
spectrum [18, 23].
Figure 2 shows the high collisional stability of the
lattice-confined spin mixture. In particular, we probe
N↓,↑ as a function of the holding time in the lattice; see
Fig. 2(a). From an exponential fit to the data, we ex-
tract long lifetimes of τ↓ = 31(3) s and τ↑ = 12.2(7) s.
The measurements are carried out at B = 3.99 G, where
no FRs occur [29]. Interestingly, within our error bars,
we find no dependence of the lifetime of each spin state
on the population in the other state; they remain long
regardless of δ; see Fig. 2(b).
We note that, although very long for our purpose, we
always record shorter lifetimes for a |↑ 〉 BI with respect
to the ones measured for a |↓ 〉 BI. Differently from the
|↓ 〉 case, two-body relaxation processes for |↑ 〉 are al-
lowed. At our magnetic fields, this process converts Zee-
man energy into a large enough kinetic energy to let the
atoms escape from the lattice [13, 33], and requires the
particles to collide at short distance (onsite) [17, 34]. In
the spin-polarized cases (e. g. δ = −1; |↑ 〉), double oc-
cupancy necessarily involves population in higher bands
since the Pauli exclusion principle forbids doublons in the
lowest band. In our system, a continuous transfer of a
small fraction of atoms into higher bands might be driven
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FIG. 2. Spin mixture of dipolar 167Er in a 3D lattice.
(a) Lifetime measurements for spin-polarized samples of |↓ 〉
(squares) with δ = 1 and of |↑ 〉 (circles) with δ = −0.92
at B = 3.99 G and their respective exponential decay (solid
lines). (b) Lifetimes as a function of δ. Constant fits extract
mean lifetimes across δ of τ¯↓ = 29.9(3) s and τ¯↑ = 11.8(7) s.
All error bars indicate the statistical uncertainty.
by intensity and frequency noise of the lattice beams [28].
In the case of |↑ 〉 this would lead to subsequent fast relax-
ation and justify the observed difference in the lifetimes.
With our spin-preparation method, we are now able to
conduct high-precision Feshbach spectroscopy in an ODT
(Fig. 1(a4)) in search of interspin loss features. For this,
we first prepare the spin-1/2 mixture in a deep lattice at
the desired B value. We then transfer the mixture back
into the ODT, hold the atoms for 500 ms, and finally
measure the spin populations. Figure 3 exemplifies the
high-precision Feshbach spectroscopy for three values of
δ within a narrow magnetic field range from B = 550 mG
to 750 mG with a resolution of 1 mG. A lower-resolution
and larger-range scan is shown in Ref. [29].
As expected [23, 24], the atom-number trace as a func-
tion of B shows a high density of resonant loss features
on top of a constant background. By controlling δ, we
are able to distinguish the spin nature of each of the ob-
served FRs. In the excerpt shown in Fig. 3, we identify
three narrow homo-spin FRs in a pure |↓ 〉 sample (a)
and four in a quasi-pure |↑ 〉 sample (b). In the spin-
polarized cases, all FRs exhibit widths of the order of
our magnetic field stability of ≈ 1 mG. Thanks to our
lattice-preparation technique, the shape and the width
of the FRs are not affected by the magnetic field ramps,
namely we do not observe neither broadening nor fic-
titious asymmetry in the loss peaks. For the 50%-50%
spin mixture (δ = 0), we observe five additional interspin
FRs (Fig. 3(c)), where atoms in the two spin states are
simultaneously lost. Because of the complicated scatter-
ing behavior of Er, standard coupled-channel methods to
assign the leading partial-wave character of the FRs are
currently not available [35]. However, the width of the
FRs can give indications on the strength of the coupling
between open and closed channels [36].
Among the observed interspin FRs, the one at about
0.68 G stands out from the forest of narrow FRs. This
FR is almost two orders of magnitude broader, making
it a promising candidate for Fermi-gas experiments in
the strongly interacting regime. We further investigate
this FR by performing modulation spectroscopy on the
lattice-confined spin-1/2 mixture (Fig. 1(a3)) to extract
the interspin onsite interaction energy, U↓↑ = Uc + Udd,
given by the sum of the interspin contact interaction,
Uc, and the DDI, Udd [30]. Thanks to the precise
knowledge of Udd and to its angle dependence, we are
able to directly extract the interspin scattering length,
a↓↑ ∝ Uc = U↓↑−Udd, both in amplitude and in sign; for
details see Ref. [29].
Figure 4(a) summarizes our results, showing the tun-
ability of a↓↑ from positive to negative values across the
interspin FR. As a first estimate of the B-to-a↓↑ conver-
sion, we use the simple single-channel formula, leading
to a↓↑(B) = abg
(
1− ∆B−B0 − ∆
′
B−B′0
)
[36]. From the fit
to the data, we extract the background scattering length
abg = 91(8) a0, the position of the comparatively broad
FR B0 = 687(1) mG, and its width ∆ = 58(6) mG. Note
that our fitting function also accounts for a nearby inter-
spin FR at B′0 = 480 mG (out of range of Fig. 3 and 4)
of width ∆′ = 29(4) mG, whereas narrower interspin FRs
are neglected. Based on the extracted values, we can esti-
mate an order of magnitude for the effective range of the
FR, R∗ = h¯2/(mEr∆abgδµ) [36]. Here, mEr is the mass
of 167Er. The differential magnetic moment between the
open and closed channel, δµ, is not known for the consid-
ered FR. However, taking δµ = 3µB, which is the typical
value measured on bosonic Er2 [35], we estimate R
∗ on
the order of 1000a0. With this order of magnitude, our
typical two-component Fermi gases verify 1/kFR
∗ >∼ 1
with kF being the Fermi wave vector [29]. This identifies
the intermediate strength of the FR [37], for which the
gas is expected to remain strongly interacting at unitar-
ity [38, 39].
For strongly interacting alkali Fermi gases, the large
collisional stability in two-component mixtures has been
essential for observing the crossover from a superfluid
of delocalized pairs along the Bardeen-Cooper-Schrieffer
(BCS) mechanism to a Bose–Einstein condensate (BEC)
of bound molecules [40]. As a direct consequence of
the Pauli principle, three-body recombination occurs pri-
marily on the repulsive (BEC) side of broad s-wave
FRs, where a weakly bound molecular level exists [41],
whereas, on the attractive (BCS) side, large scattering
lengths coexist with a remarkable collisional stability
[42–45]. Such an asymmetry in the scattering behavior is
identified as an essential attribute of BEC-BCS physics.
We investigate this aspect in a second set of experi-
ments. We prepare an equally populated spin mixture
(δ = 0) in an ODT (Fig. 1(a4)) and probe the time evo-
lution of the spin population as a function of the holding
time in the trap for various B across the FR. Exemplary
decay curves are shown in Fig. 4(b-c). On the BEC side,
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FIG. 3. High-resolution Feshbach spectroscopy for three different population imbalances in an ODT (cartoons): atoms in |↓ 〉
(squares) and |↑ 〉 (circles) for δ = 1 (a), −0.6 (b), and 0 (c) as a function of B. The determined width and spin nature of the
FRs are indicated by the blue (|↓ 〉), orange (|↑ 〉), and green (|↓ 〉–|↑ 〉) shaded regions. Each data point is the mean of two to
four repetitions.
at a↓↑ = 880(140) a0, we observe a fast decay of both |↑ 〉
and |↓ 〉 atoms (Fig. 4(b)). A simple exponential fit to
the data gives lifetimes of τ1/e ≈ 150 ms. In contrast,
on the BCS side at a↓↑ = −1500(500) a0 (Fig. 4(d)),
the spin mixture shows a large collisional stability with
lifetimes exceeding τ1/e = 1200 ms (Fig. 4(c)).
To get deeper insights, we systematically study the ini-
tial decay rate, N˙/N0, as a function of B. We determine
the rates by using a linear fit to the data for the ini-
tial time evolution. Figure 4(d) summarizes our results,
plotted in terms of the dimensionless coupling constant
1/(kFa↓↑). We observe an asymmetry of the loss rate
curve, indicating that the Fermi mixture is remarkably
stable in the unitary and strongly attractive regime. We
note that both the qualitative shape and the quantitative
values of the loss rates in 167Er show strong similarities
to the ones measured in 40K [44].
The existence of a comparatively broad interspin FR,
and our demonstration of the interaction tuning across
this resonance make fermionic Er gases a promising sys-
tem for accessing BEC-BCS crossover physics within
a distinct scattering scenario. Indeed, our mixture
adds both the DDI and an intermediate effective range
in the short-range scattering compared to the alkali
cases [39, 40], paving the way for studying exotic Cooper
pairs and molecular BECs [19, 37, 46] and calling for new
theory developments [47].
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Supplemental Material
Spin-polarized degenerate Fermi gases
Our experimental protocol for the preparation of
deeply degenerate Fermi gases (dFgs) of 167Er follows
the one described in ref. [5]. The experiment starts with
a narrow-line magneto-optical trap operated at 583 nm to
prepare spin-polarized 167Er atoms with N = 1.2 × 107
atoms and T ≈ 10µK in the lowest hyperfine sublevel
|F = 19/2,mF = –19/2〉, where F is the total angu-
lar momentum quantum number and mF is its projec-
tion along the quantization axis. The atoms are then
transferred to a horizontal optical dipole trap (ODT)
formed by a laser beam at 1064 nm. The aspect ratio
AR = w⊥/wz between the horizontal, w⊥, and verti-
cal, wz, waists of this beam can be tuned from 1.6 to
15 via a time-averaging potential technique [9], which al-
lows to reach a good spatial mode overlap between the
atomic cloud and the ODT. Subsequentially the atomic
cloud is compressed by reducing the AR and transferred
to a tight ODT created by a laser beam at 1570 nm with
a waist of about 15µm, and counterpropagating to the
1064 nm-beam such that their focii overlap. At this stage
we typically have 1× 106 atoms. During the evaporation
procedure the atoms are further confined by an addi-
tionnal ODT at 1570 nm, formed by a beam propagating
vertically with a waist of about 32µm. The crossed ODT
at 1570 nm is later denoted ODT1570.
Following our previous work of ref. [5], we perform
evaporative cooling based on elastic dipolar scattering
among identical fermions. Such a cooling scheme has
been proven to be very efficient to produce samples in
the deeply quantum degenerate regime [5, 18]. At the
end of the evaporation, the trap frequencies in ODT1570
are (ν⊥, ν‖, νz) = (286(3), 85(1), 255(3)) Hz with ‖ (⊥)
corresponding to the axis along (perpendicular to) the
horizontal ODT beam and z indicating the axis of grav-
ity. We typically obtain spin-polarized dFgs with up to
N = 6×104 atoms and temperatures of T ≤ 0.15TF, with
TF being the Fermi temperature corresponding to the
Fermi energy EF = kBTF = hν¯(6N)
1/3, where h is the
Planck constant, ν¯ =
(
ν⊥ν‖νz
)1/3
the geometric mean
of the trap frequencies and N the atom number. At this
stage the Fermi energy is EF = kB×630 nK = h×13 kHz.
During the whole evaporation, the magnetic field has a
value of B = 0.6 G and is oriented along z, which sets
the quantization axis of the atomic dipoles. Here and in
the following, N and T/TF are estimated from polylog-
arithmic fits to the absorption images of the dFGs after
12 ms of time-of-flight (ToF) using the horizontal imaging
setup.
Preparation for lattice loading
In deeply dFgs, the atoms fill the Fermi sea up to
the Fermi energy, EF . Hence, the number of populated
bands, when the atoms are loaded to an optical lattice,
crucially depends on the initial value of EF . In first ap-
proximation, EF can be compared to the lattice recoil
energy Erec = h
2/(2mErλ
2), with mEr being the mass of
167Er and λ the lattice wavelength. In particular, during
the initial increase of the lattice potential higher bands
become populated if EF > Erec [32].
To minimize the occupation of higher bands due to
the loading procedure we reduce the Fermi energy of
our sample. To this aim, we transfer the atoms back to
a crossed ODT operated at 1064 nm (ODT1064), within
510 ms. Here, the dynamically adjustable AR of the hori-
zontal beam allows a convenient control on ν¯ (see section
above). We optimize the ODT parameters by lowering
ν¯ and N while keeping a low temperature of the sample.
The best conditions for subsequent lattice loading are
reached for (ν⊥, ν‖, νz) = (63(1), 36(2), 137(1)) Hz and
N = 2.4 × 104 atoms with T ≤ 0.3TF, corresponding to
a Fermi energy EF = kB × 170 nK = h × 3.6 kHz. We
note that for lower νz atoms get lost due to gravity.
Three-dimensional optical lattice and its loading
The three-dimensional (3D) optical lattice in our ex-
periment is created by two retro-reflected 532 nm laser
beams along the x- and y-axis and one retro-reflected
1064 nm vertical laser beam along the z axis; see Fig. S1.
The lattice spacings are dx,y = 266 nm along the hor-
izontal xy-plane and dz = 532 nm along the vertical
z-axis [30]. With the available power, we reach maxi-
mum lattice depths of (sx, sy, sz) = (25, 25, 120), where
7si with i ∈ {x, y, z} is given in units of the respec-
tive recoil energies, ER;x,y = h × 4.2 kHz and ER;z =
h × 1.05 kHz. Typical lattice depths used in the ex-
periment are (sx, sy, sz) = (20, 20, 80) corresponding to
band gaps of h× 32.8 kHz along x and y and h× 17.7 kHz
along z.
After preparation and transfer to the ODT1064, we adi-
abatically load the spin-polarized dFg into the 3D lattice
by increasing the lattice-beam intensities exponentially
in 150 ms to the final values. Subsequently, the ODT
beams are switched off in 10 ms and we additionally hold
the atoms for 500 ms before applying our spin prepara-
tion scheme. This holdtime enables to remove most of the
residual atoms that have been pushed to higher bands of
the optical lattice by the Fermi pressure, through their
natural faster decay. We note that when the atoms are
loaded directly from ODT1570 we find up to 25 % of popu-
lation in higher bands, which in this case get strongly de-
populated within 500 ms. Despite our most careful load-
ing procedure and our holdtime, we measure that up to
5 % of the atoms can still populate the higher band of
the vertical lattice; see main manuscript (Note that the
higher bands along z are the most tightly trapped within
our lattice geometry).
Higher-band populations
To access the band population we perform band-
mapping measurements. Here, we decrease all lattice
potential to zero within 1 ms, thus mapping the quasi-
momentum of the band to real momentum. We then
perform ToF absorption imaging, which thus probes the
population of the different bands in directions transverse
to the imaging axis. We note that, the edges of the low-
est band can be smeared out because of the finite width
of the in-situ cloud and due to an imperfect adiabatic
switch-off of the lattice potentials [48], limiting the ac-
curacy of our determination. In our setup, we obtain
our best estimate of the remaining higher band popu-
lations by comparing the absorption images to the ex-
pected profiles computed from the first Brillouin zone.
In the z-direction, we observe a very small population
in higher bands, which we quantitatively estimate using
the horizontal imaging setup. Here, we additionally take
advantage of the observed structure of the higher band
population, which systematically appears below the low-
est band (along the gravity axis). This might be due to a
combined effect of residual magnetic gradient and grav-
ity. We use this behavior to our advantage and extract
the population of the higher band in z from the top-
bottom asymmetry of the band-mapping images. In the
xy-directions, the estimate of the higher band population
is more subtle in particular because of the non-orthogonal
configuration between the imaging and horizontal lattice
axes. To the best of our detection sensitivity, we do not
yx
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FIG. S1. Sketch of our lattice geometry. The coordinate
system {x, y, z} and the lattice constants dx, dy, and dz are
indicated.
observe any population in higher-bands along these axes.
Based on the higher recoil energies in these directions,
we physically expect a lower initial population of those
bands than along z, as discussed above. In addition, be-
cause of the lower lattice depths, we expect a faster loss
of their population.
Zeeman energy for fermionic Er
Fermionic Er exhibits a hyperfine structure resulting
from the coupling of its nuclear spin I, whose quantum
number is I = 7/2, with the total electronic angular
momentum J, which in the ground state of Er has for
quantum number J = 6. The total angular momen-
tum reads F = J + I. In the lowest hyperfine mani-
fold (F = 19/2) there are 2F + 1 = 20 sublevels which
can be differentiated by the eigenvalues of the projec-
tion of F on the quantization axis, corresponding to the
quantum number mF . Because, in our experiment, an
external magnetic field B is always applied, the degen-
eracy of the sublevels is lifted by the interaction of B
with the different angular momenta. In our description,
the quantization axis is chosen to be parallel to B, and
the mF sublevels are then denoted magnetic states. In
the low B limit, the magnetic states are simply shifted
in energy along EmF = mF gFµBB, corresponding to
a state dependent magnetic moment, µ = mF gFµB .
In Erbium, the absolute ground state has a magnetic
moment of µ = −6.982804µB , giving the Lande´ factor
gF = 0.735032 [49]. Here µB is the Bohr magneton.
In a more general way, the atomic energy levels in a
uniform B-field can be calculated via an exact diagonal-
ization of the atomic Hamiltonian [50]. In Fig. S2 we
plot the energy levels of the lowest hyperfine manifold as
a function of the magnetic field computed in such a way.
The dominant trend evidences the linear dependence dis-
cussed above in the low B regime. However, at large
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FIG. S2. Zeeman energy for the magnetic substates in the
|F = 19/2〉 hyperfine manifold. For this work the energy
splitting of the lowest three spin states |–19/2〉 ≡ |↓ 〉 (blue
line), |–17/2〉 ≡ |↑ 〉 (orange line) and |–15/2〉 (red line) is of
most relevance. Higher spin states are visualized by grey lines.
The linear Zeeman effect dominates the energy evolution such
that ∆1 ≈ ∆2 ≈ qli while the quadratic Zeeman effect is
evident in the differential splitting ∆1−∆2 (inset).
enough B, deviations from this simple picture appear due
to the Paschen-Back effect, as J and I start to decouple.
In a perturbative description, this can be accounted via a
quadratic correction to the Zeeman energies which writes
EmF − qlimF = qqu(m2F − F 2) with qli = gFµBB and
qqu ∝ B2. The deviation from the linear Zeeman energy
becomes evident when considering the differential split-
ting ∆EZ(mF ) = (EmF −EmF+1)− (EmF+1 −EmF+2),
as the linear Zeeman effect qlimF cancels out; see inset
of Fig. S2. In the folowing we define ∆EZ = ∆EZ(mF =
−19/2), which is the most relevant quantity for the cur-
rent study, as restricted to mF = −19/2 and −17/2.
Preparation of a spin mixture in the lattice
To achieve a deterministic spin preparation of the two
lowest spin states we typically use a large enough mag-
netic field of B = 40.51 G for which the differential Zee-
man splitting ∆EZ = 42.6 kHz is larger than the fluctu-
ations of the Zeeman energies coming from the magnetic
field noise, corresponding to≈ 20 kHz at this field. In this
way, the spin-spin coupling induced by a small amplitude
modulation of the magnetic field in the radio-frequency
(rf) domain can be restricted to the subspace formed by
the lowest two spin states mF = −19/2 and −17/2. To
couple the two hyperfine sub-states we apply a rf-sweep
by chirping the rf-frequency continuously from a value of
(ν?+30 kHz) to (ν?−30 kHz) within about 10 ms, where
hν? matches the energy difference E−19/2 − E−17/2 (∆1
in Fig. S2). We can prepare a well-reproducible mixture
of |↓ 〉 and |↑ 〉 without populating the next higher spin
state. The population imbalance δ between the two spin
states can be freely controlled by varying the power of the
rf signal. In particular, also almost all the atoms can be
transferred to |↑ 〉 reaching up to δ = −0.94 (see Fig. 1(c)
of the main manuscript). We note that, while our prepa-
ration technique in the lattice initially leads to a coherent
superposition of the two spin states, additional measure-
ments suggest a fast decoherence, leading to a projection
of pure states on the individual lattice sites for the ex-
perimental relevant time scales. In particular, we observe
that coherently driven Rabi oscillations between the two
spin states quickly damp within a few ms.
To image the spin mixture, we perform spin-resolved
TOF absorption imaging using a Stern-Gerlach technique
with a 1-ms pulsed magnetic field gradient at the begin-
ning of the TOF. After an additional 7.2 ms of TOF,
the populations of each spin state are spatially separated
and we measure them by using the horizontal imaging
setup (Fig. 1(c)). N↓.↑ are then counted by integrating
the measured density distribution over well-defined re-
gions of interest.
Lifetime of the spin mixture in a deep lattice
To conduct a clean measurement of the collisional
properties of a spin mixture in the deep optical lattice
it is important to fulfill the following requirements: (i)
The spin mixture is in an insulating regime where the
formation of doublons is suppressed via sufficiently large
ratios of the onsite interspin interaction energy U↑↓ to the
tunneling rate J . This requires not only to use a deep lat-
tice potential but also to sit away from any Feshbach res-
onance (FR) so that U↑↓ is not resonantly modified and
has a value close to its background one. (ii) The Zeeman
energies are large and do not have an equidistant spacing
so that both magnetization changing and magnetization
conserving spin-exchange processes induced by the DDI
are energetically supressed [15, 16, 51, 52].
Due to the high density of FRs (see next section and
Ref. [23]), the requirement (i) is not so straightforwardly
achieved in our fermionic erbium mixture. In this sys-
tem, to find a magnetic field value for which we sit stably
away from any FR is eased by a low technical magnetic-
field noise. Because of the different sets of coils used in
our experiment, the magnetic field noise is found to be
≈ 1 mG up to B = 5 G while it increases to ≈ 20 mG
when we go to higher B values. Hence, working at
B ≤ 5 G turns out to be more favorable in our setup.
On the other hand, the requirement (ii) is matched for
a sufficiently large magnetic field, where the quadratic
Zeeman effect (see Fig. S2) is strong enough to not be
canceled by quadratic light shifts [53]. The best condi-
tions for meeting the requirements (i) and (ii) are found
9at B = 3.99 G, which is used for the lifetime measure-
ments of Fig. 2. At this field, we have measured the on-
site interaction energy using a similar technique as for
Fig. 4(a) of the main text; see also below. The extracted
value of U↑↓ = h×2.43(2) kHz exceeds by far the relevant
tunneling rates Jx,y = h × 10.5 Hz so that it lies deeply
in the insulating regime. In addition, we note that no
spin-changing dynamics are observed from the measured
spin population.
We finally note that, for technical reasons, our setup
allows holding in the lattice up to 20 seconds. For longer
times, thermal effects in the high-power fiber start to pre-
vent us from properly stabilizing the output power for our
lattice. We avoid observation in this regime where the
lattice potential would not be properly controlled (which
may also lead to additional losses), as the allowed obser-
vation time is already very long for our purposes. This
restriction however limits the precision of our lifetime
measurements for the long lifetimes observed in our setup
and in particular for the longest-lived |↓ 〉 state.
State-resolved Feshbach spectroscopy
To identify the magnetic field regions where promising
interspin FRs occur, we first perform a rough Feshbach
scan in the 0 − 2 G region for different population im-
balances δ (Fig. S3). For this set of data we do not use
our lattice-protection technique. Instead, the spin prepa-
ration, the magnetic-field ramps, and the Feshbach spec-
troscopy are directly performed in the ODT. As expected,
without the lattice, the loss features present broadening
and asymmetric shapes due to the mere magnetic-field
sweeps (e. g. via losses occuring during the sweeps). Yet,
the most prominent features of the scattering physics can
be identified.
Using this technique, we perform three sets of mea-
surements, varying the composition of the mixture δ.
In a first set, we perform a Feshbach scan in a spin
polarized gas in ODT1570 (Fig. S3, upper panel). We
jump to the final magnetic field and hold for thold =
70 ms before TOF imaging. The trap frequencies are
(ν⊥, ν‖, νz) = (324(1), 147(5), 259(4)) Hz. The system
has an initial temperature of T = 0.18(1)TF. Simi-
lar to Ref. [23], we observe a high density of loss fea-
tures, which correspond to single-component (|↓ 〉) FRs
of high partial-wave character. In a second set of mea-
surements, we repeat the magnetic-field scan in an al-
most pure |↑ 〉 sample (Fig. S3, middle panel). Here, we
use a resonant rf-pulse at 0.99 G to prepare a mixture
with mainly |↑ 〉 atoms. Then we jump on a purely |↓ 〉
homo-spin FR located at 1.034 G to remove remaining
|↓ 〉 atoms. The measurement is performed in the more
shallow ODT1064 to prevent too strong interspecies losses
and thold = 500 ms. For this trap, the trap frequencies
are (ν⊥, ν‖, νz) = (39(1), 37(1), 145(3)) Hz and the initial
temperature is T = 0.35(1)TF. We find new FRs, which
mainly correspond to single-component |↑ 〉 FRs. In a
third set of measurements, we observe the loss features
for a spin mixture prepared at 0.58 G in the same trap as
for the pure |↓ 〉measurement with thold = 50 ms (Fig. S3,
lower panel). Here, the initial temperature is slightly in-
creased to T = 0.24(1)TF due to the spin mixing. The
individual homo-spin FRs are still visible while we also
find new interspin |↓ 〉–|↑ 〉 FRs.
We analyze the three sets of data to extract the spin
nature of the individual FRs. For several FRs, the en-
trance spin channel can be easily identified. In addition,
we also observe overlapping FRs. Here, an exact assign-
ment requires a high-resolution magnetic-field scan and
our lattice-protection technique; see main text. Among
the forest of FRs recorded in the two-component mixture,
we observe a promising interspin FR at about 700 mG,
which remains rather isolated from other homo-spin FRs;
see green shading in Fig. S3.
As a second step, we focus on the magnetic-field region
around 700 mG in which the promising interspin Fesh-
bach resonance has been identified and perform high-
resolution Feshbach spectroscopy, taking advantage of
the lattice-preparation scheme, as described in the main
text. The lattice-protection technique is very powerful in
removing technical broadening and artificial asymmetry
of the loss peaks, as it clearly appears from a comparison
between the atom-number traces recorded with ODT-
preparation (Fig. S3) and lattice-preparation schemes
(Fig. 3). We perform the measurements for Fig. 3 as fol-
lows. We prepare a spin mixture in the lattice at high
B as described above and sub-sequentially ramp the field
to the desired value within 10 ms. After letting the B-
field stabilize for about 100 ms, the dipole trap beams
are ramped up within 10 ms and we unload the atoms
from the lattice back into the ODT1064 within 150 ms.
At this stage, the sample contains N ≈ 1.6 × 104 atoms
at T ≈ 0.3TF, almost independent of δ, and the trap fre-
quencies are (ν⊥, ν‖, νz) = (111.6(2), 35(1), 169.4(6)) Hz.
We then record the spin population after a holding time
of 500 ms. For each magnetic field value, the measure-
ment is repeated between two to four times and the av-
erage is reported in Fig. 3.
For all the above described measurements, we note that
the observed atom losses can be mainly attributed to res-
onant three-body recombination collisions in the short-
range potential. Inelastic two-body losses driven by the
spin-non-conserving dipolar interactions are, in principle,
also energetically allowed since |↑ 〉 atoms are in an ex-
cited Zeeman state [36]. However, we do not expect this
process to be enhanced at resonance.
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FIG. S3. Feshbach spectroscopy of a two-component spin mixture in an ODT (without the lattice-protection technique) for
different population imbalances δ: δ = 1 (upper panel), −0.54 (middle panel), 0.4 (lower panel). While the measurements for
the upper and lower panel are performed in ODT1570 with ν¯ = 231(3) Hz, the data of the middle panel is measured in ODT1064
with ν¯ = 59(1) Hz. Due to the finite resolution of the scans of 10 mG it is possible that narrower FRs are not resolved. The grey
shading shows the magnetic field region studied in the main manuscript with the green shading indicating the comparatively
broad interspin FR. Each data point is the mean of two repetitions. The shading around the data points indicates statistical
uncertainties, which are often smaller than the data points.
Modulation spectroscopy with a fermionic spin
mixture in the lattice
To measure the scattering length between two spin
states of 167Er, we rely on a method similar to the
one that we have already successfully implemented with
168Er [30] and 166Er [9]. It is based on the measure-
ment of the onsite interaction energy of two atoms in a
deep optical lattice. Here, after preparing a spin mix-
ture of |↓ 〉 and |↑ 〉 in the lattice we drive particle-hole
excitations of neighboring atoms by a resonant modula-
tion of the horizontal lattice depths sx,y. Note that for
neighboring identical particles no single-band excitation
will be observed due to the Pauli exclusion principle and
only neighboring atoms in different spin states can be
excited, allowing to effectively only probe the interspin
onsite interaction U↓↑. In our experiment, we probe the
doublon creation via the resulting increase in atom loss.
We speculate that onsite dipolar relaxation is responsible
for the observed loss [33]. We note that a distinct and
convenient method to measure double occupancies has
been demonstrated using the coupling to a third spin
state [54]. Close to a molecular state of the original dou-
blon components, the third spin state features a smaller
interspin onsite energy and can thus be used to detect an
initial double occupancy. Yet, such a method remains to
be explored in our system.
In our experiment, we typically modulate the lattice
depth for 1 s with a sine function with a peak-to-peak
amplitude of 30% and a frequency νmod. Maximum loss
occurs when νmod reaches the resonance condition νres =
U↓↑/h (see Fig. S4). Following our previous work [30],
the onsite energy U↓↑ consists out of two contributions:
3 4 5 6 7 8
0.8
0.9
1.0
no
rm
al
iz
ed
to
ta
la
to
m
nu
m
be
r
modulation frequency νMod (kHz)
↓
↑
U
  =
 h
ν r
es
FIG. S4. Exemplary modulation spectroscopy measurement
with a spin mixture of |↓ 〉 and |↑ 〉 in the deep lattice at
B = 650 mG. The resonance condition determines νres, which
is related to the onsite energy U↓↑ (cartoon).
the contact interaction Uc
Uc =
4pih¯a↓↑
mEr
∫
dr |φ(r)|4 ,
and the DDI Udd
Udd =
µ0µ↓µ↑
4pi
∫
dr
∫
dr′ |φ(r)|2 1− 3 cos
2 θr−r′
|r− r′|3 |φ(r
′)|2 .
Here, φ(r) denotes the onsite Wannier function, |r− r′| is
the interatomic distance and θr−r′ corresponds to the an-
gle between the polarization axis of the two dipoles with
respect to their interparticle axis. The contact part de-
pends on the interspin scattering length a↓↑, the reduced
Plank constant h¯, and the mass mEr of a
167Er atom,
while the DDI part is proportional to the vacuum perme-
ability µ0 and to the magnetic moments of the two spin
11
states µ↓ and µ↑. The contributions of nearest-neighbor
interactions are minor and therefore neglected.
Both, the strength and the sign of Udd strongly depend
on the dipole orientation and the anisotropy of the onsite
Wannier function. As specified in our earlier work [30],
we define the aspect ratio, AR, associated to the Wannier
function by the ratio of the onsite harmonic oscillator
lengths perpendicular and in the xy-plane, AR = lz/lx,y.
Note that, in a deep lattice, the onsite harmonic oscillator
lengths match li = di/(pis
1/4
i ) for i ∈ {x, y, z}. For our
typical lattice parameters we find AR > 1 and hence Udd
can be tuned by rotating the atomic dipole. In particular,
Udd is negative (positive) for a dipole orientation out of
(in) the xy-plane.
In the experiment, we use both our precise control and
our exact knowledge of Udd to determine not only the am-
plitude but also the sign of the scattering length a↓↑. For
a given magnetic field and a given lattice configuration,
we repeat our modulation spectroscopy measurements for
two different dipole orientations: (i) when oriented along
z, we extract the total onsite energy |Uz↓↑| while know-
ing the dipolar contribution Uzdd, (ii) when oriented in
the xy-plane, we extract |Uxy↓↑ | while knowing the dipo-
lar contribution Uxydd . This yields the two indepedent
and incommensurate relations: |Uz↓↑| = |Uc + Uzdd| and
|Uxy↓↑ | = |Uc + Uxydd |. Their combination gives access to
both the magnitude and the sign of Uc, and thus of a↓↑
as reported in Fig. 4(a).
As a final test of our method we study the dependence
of the onsite energy as a function of the lattice depth sz
(Fig. S5). Here, we fix the magnetic field, oriented along
z, to 650 mG and vary the depth of the z lattice. We
repeat the modulation spectroscopy for different values
of sz and extract νres for each measurement. A compari-
son to our theoretical model with a↓↑ being the only free
parameter shows a good agreement, confirming the valid-
ity of our modulation spectroscopy technique. Here, the
fit gives a value for a↓↑ of 225(2) a0 matching the value
extracted from an independent analysis of the individual
lattice configurations as reported in Fig. 4(a) and giving
a↓↑ = 225(4) a0.
The data presented in Fig. 4(a) shows the mean of the
different experimental datasets, taken with different lat-
tice parameters, for a given magnetic field B. Table 1
summarizes all lattice parameters used in the experiment
as well as the expected values of Uc for a↓↑ = 100 a0,
denoted U
(100)
c , and of Uzdd from our theoretical model.
Uc being proportional to a↓↑ and Udd depending only
on the lattice parameters, the interspin scattering length
can be evaluated from a given measurement of U↓↑ via
a↓↑/a0 = (U↓↑ − Uzdd)× 100/U (100)c .
40 60 80 100 120
4.0
4.5
5.0
5.5
6.0
ν r
es
(k
H
z)
sz (ER,z)
FIG. S5. Modulation resonance νres as a function of the
vertical lattice power sz for sx,y = 20 at B = 650 mG. The
solid line shows a fit with our theory to extract the scattering
length a↓↑. The shaded region accounts for the systematic
uncertainty of the scattering length of ±4 a0 at 0.65 G, which
results from our magnetic field fluctuations of ±1 mG.
(sx, sy, sz) AR U
(100)
c /h (Hz) U
z
dd/h (Hz)
(20, 20, 40) 1.68 2029 −441
(20, 20, 60) 1.52 2263 −396
(20, 20, 80) 1.41 2443 −350
(20, 20, 100) 1.34 2590 −307
(20, 20, 120) 1.28 2717 −265
(15, 15, 80) 1.32 2068 −223
(22, 22, 80) 1.45 2578 −399
TABLE I. Lattice parameters for the determination of a↓↑
(Fig. 4(a)). The lattice depths (sx, sy, sz) define the onsite
Wannier function AR. From our theoretical model we eval-
uate the onsite energy contributions U
(100)
c and U
z
dd for an
interspin scattering length of a↓↑ = 100 a0. Here, the dipoles
are oriented along z. This values are used to extract the inter-
spin scattering length from the measured total onsite energy
U↓↑.
Scattering-length tunability and magnetic-field
stability.
A precise control of the magnetic-field value is crucial
for tuning the interaction strength in the spin mixture.
For the FR of Fig. 4(a), a width of ∆ = 58(6) mG and rel-
ative strength abg/R
∗ = 0.1 have been estimated. Hence,
reaching a↓↑(B) = R∗ requires to sit ≈ 6 mG away from
the resonance pole. Based on an rf-spectroscopy calibra-
tion scheme, an accuracy of the order of 100µG and a
stability of ≈ 1mG on the magnetic-field value are esti-
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mated, corresponding to a relative stability of 10−3 at
the resonance position B0 = 687 mG. Note that in alkali
Fermi experiments, for which B0 is typically 3 orders of
magnitude larger, a much larger relative stability of 10−5
is usually required even if the FR is effectively broader.
Loss spectroscopy in the ODT at the interspin FR
For the measurements of the collisional properties of
the fermionic spin mixture in the vicinity of the com-
paratively broad interspin FR (see Fig. 4(b-d)), we ap-
ply the following experimental procedure. We prepare
a spin mixture with δ = 0 in the deep 3D lattice fol-
lowing the scheme detailed above, that is applying a
RF-sweep at large B. After the application of the RF-
sweep, we ramp the magnetic-field value to an inter-
mediate lower value B = 3.99 G in 100 ms. We then
jump with the magnetic field from the later intermedi-
ate value to the desired final value and let it stabilize
for 10 ms. Finally, we ramp up the ODT1064 beams
in 10 ms, melt the lattice down in 20 ms. This shorter
timescale for the lattice rampdown (compared, e. g. , to
the Feshbach spectroscopy measurements, see above) is
chosen to avoid significant losses to happen already at
this stage. The final trap frequencies in the ODT1064
are (ν⊥, ν‖, νz) = (111.6(2), 35(1), 169.4(6)) Hz. For this
trap, the typical atom numbers recorded (see Fig. 4(b-
c)) correspond to the Fermi energy EF ≈ kB × 150 nK
for each spin component, which in turn gives a Fermi
wave vector kF ≈
√
2mErEF/h¯ = 1 × 107 m−1. We then
hold the two-component mixture in the ODT1064 for a
variable holding time, t, at the selected B-field and ul-
timately record the spin populations via Stern-Gerlach
imaging.
We record the atom number decay with t for various
magnetic fields B across the FR. For each B and each
spin component, we extract an initial decay rate N˙/N0
by fitting a linear-decay function to the recorded atom
number N , normalized to its initial value N0, as a func-
tion of t. We fit all data for which the atom number stays
above a threshold of 75% of N0. We checked that the ex-
tracted values of N˙/N0 do not change significantly when
varying this threshold between 65 − 85%. An analysis
of the full data using exponential fits also yields similar
decay rate values.
